Over the past two decades, the world's primary energy usage has grown by 49%, with an average annual increase of 2%. Buildings account for 20%$40% of the total energy consumption. 1 The building envelope is an important factor that could influence the building energy consumption. As the indoor and outdoor environment interface, building envelope can adjust various forms of energy flow (light, heat, sound, humidity, etc.) and offer security, privacy, access and view. The main functions of a building envelope are in the following aspects: vision, daylighting, shading, thermal insulation, heat preservation, ventilation and sound insulation. In order to reduce energy consumption and greenhouse gases emissions, usage of renewable energy in buildings is encouraged to replace conventional fuels. However, renewable energy is of low energy density and intermittent. Optimizing the structure, thermal performance and operational strategies of building envelope, and focusing on the harvest, storage and release of renewable energy is an important way to make full use of climate resource for building energy conservation. Dr. Ferna´ndez from The Massachusetts Institute of Technology 2 wrote in Science that,
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As efficiency issues become more acute, the potential for improvement in performance from new materials, together with partnerships between materials science community and those entrusted with the design and engineering of the built environment, may offer real breakthroughs for the future.
Building envelop with new materials of variable thermal performance would be a novel way for renewable energy application. During the history of human development, passive ways are used to build comfortable indoor environment. Solar energy can be collected and stored in the building envelope during the day and released to indoor air when the room temperature falls at night. Likewise, cool energy can be collected and stored from ambient air by natural (or forced) convection during the night in summer, and then release it to indoor air during the hottest hours of the day. These would mean a reduction in the indoor air temperature fluctuation and improve the indoor thermal comfort level. For example, traditional Yaodong dwellings built of stones or bricks in the northwest China can keep warm in winter and cool in summer and meet the essential demand for thermal comfort. 3, 4 Traditional dwellings in Tibetan plateau, which is abundant in solar energy, would adopt large south-facing windows and thick walls to realize passive solar heating. 5, 6 These conventional buildings are usually made of heavy materials so that the envelope can supply sufficient thermal inertia to dampen indoor temperature fluctuation. However, it was limited to conventional economic and technology situations. In modern buildings, more modern materials and technology appear. For example, glass skin and other lightweight envelopes are popular, where buildings harvest much solar energy through the window during daytime and increase the indoor air temperature rapidly which is then cooled down at night due to the lack of enough thermal mass. Effective thermal energy storage materials are required for the wider application of solar energy, which is the most abundant renewable energy source. At the same time, how to design a suitable building envelope structure with optimal thermal performance and operational strategy under modern economic and technology situation is a key point to utilize the climate resource for heating or cooling. In this aspect, the harvest, storage and release of solar A phase change material (PCM) is a substance with a high heat of fusion, melting and solidifying at a certain temperature (or range), which is capable of storing and releasing a large amount of energy. Due to its high latent heat within a narrow temperature range, PCM presents more versatile advantageous characteristics in peak saving, tariff reduction, energy saving, equipment capacity reduction and thermal comfort improvement. The development of new material, theory and technology brings new opportunities and challenges for phase change energy storage. Figure 1 shows the publication numbers on Web of Science in recent 10 years with topic keywords 'Buildings', 'Energy storage' and 'Phase change materials'. The figure shows there has been a rapid increase in these research areas, and the number in 2017 is near 10 times of that in 2008. The application of thermal energy storage with PCM has become a greatly interested topic not only within the research community but also within professional practices of architects and engineers.
According to the demand for applications in energyefficient buildings, shape-stabilized phase change material (SSPCM) is a group of promising materials. 7 Inaba and Tu 8 first reported an SSPCM made of high-density polyethylene and paraffin. SSPCM is composed of an organic PCM, e.g. paraffin, and a polymer matrix which can encapsulate PCM and maintain the shape, no matter the PCM is in a solid state or in a liquid state. SSPCM should have a proper phase change temperature, an as high as possible phase change latent heat and a proper heat transfer rate. Paraffin-based SSPCM is the most interested and used type. It is generally prepared by melt-blending paraffin with various polymer matrices. SSPCM is also required to have enough strength to maintain the shape, to have good durability and long lifetime, and to be non-flammable for safety.
Kenisarin et al. 9 reviewed the available PCMs and PCM building elements for passive residential buildings. They introduced experimental studies in laboratory as well as in full size buildings and proposed recommendations for further research. Diarce et al. 10 compared the accuracy of different computational fluid dynamics models for the simulation of a ventilated PCM fac¸ade, with validation by real-scale experimental data. Souayfane et al. 11 reviewed the PCM applications for reducing building cooling loads under different climate conditions, and presented a topology diagram summarizing the road to the effective use of PCM in buildings. Kuznik et al. 12 carried out an experimental study on the thermal performance of a PCM wallboard, which could lower the maximum indoor temperature by 4.2 C in summer. Although these research inform the physical thermal performance, but how to design the building envelope thermal performance and set or select the right standard and conduct the right practice for building applications? Further research to develop the suitable PCM and standard/code of practice according to local climate resource is urgently needed.
The main influencing factors of indoor air temperature are as follows: (1) outdoor environmental parameters (outdoor temperature, wind speed, solar radiation, sky temperature); (2) thermal properties of building envelopes (thermal resistance and heat capacity); (3) indoor heat source and ventilation; (4) indoor auxiliary energy (such as air conditioning and heating) and so on. Conventional building design approaches to achieve indoor thermal comfort are commonly as follows: For a given building envelope with known materials and thermal properties, the building thermal performances are analyzed and the heating and cooling loads are then supplied by active mechanical equipment. This method has a limitation and would be difficult to determine the best building envelope structure, best material thermal properties and the best way for heating and cooling.
To solve the abovementioned problems, the concept of ideal energy-efficient building envelope was proposed, 13, 14 which is that if the storage and insulation properties of the building envelope have a suitable role in the delay and decay for outdoor temperature fluctuations, the indoor air temperature can stay in a thermal comfort zone without heating and air conditioning. The corresponding research is to study how to make full use of natural renewable energy through the selftemperature regulation of different types of building envelopes to meet requirements for human thermal comfort without or with less additional conventional energy.
Different from conventional approaches, an inverse problem for designing different building envelopes has been proposed. The idea has an aim to achieve an effective use of renewable energy, reduce building operational energy consumption, improve indoor thermal comfort and reduce environmental pollution and emissions of greenhouse gases. The analysis of the building envelope's linear or non-linear thermal characteristics to determine the best building envelope structure, best material thermal properties and suitable application conditions is a novel insight to the thermal design and material development for building envelopes. Figure 2 shows a comparison of the traditional approach and the new approach for space heating and cooling.
14 In contrast to the traditional approach (the thermal properties of building envelope materials are known and constant so that the relevant equations describing the indoor air temperature tend to be linear differential equations), the new approach solves the inverse problem (thermal properties, etc. of building envelopes are unknown), whose solution can be a function of temperature instead of a constant value. [14] [15] [16] Like people wearing different clothes in different seasons, the 'clothes' of a building can change with seasons. However, what would be the ideal 'clothes' for different buildings?
There are three ways to change a building's 'clothes': (1) change the structure of a building's external wall or window; (2) adjust the thermal properties (i.e. volumetric specific heat qc p (t), thermal conductivity k(t)) of the building's wall; (3) adjust the optical and thermal properties (i.e. transmittance, reflectance and emittance) of a building's windows. Thus, the determination of the optimal or variable thermal properties of passive building envelope is interesting and will need indepth research.
Zhang et al. 17 used an inverse problem model to investigate the object building with constant physical properties in Beijing. For the given case in Beijing, 50 MJ/(m 3 ÁK) was found to be the critical value of qc p for an ideal free-heating building in winter; and 100 MJ/(m 3 ÁK) was the critical value of qc p for an ideal free-cooling and ideal free-heating building for the whole year. However, according to the research, the qc p of conventional building envelope materials presents a range of 0-4.0 MJ/(m 3 ÁK), which are far less than what an ideal passive energy conservation building envelope is required.
Through the research on the non-linear c p function of temperature, the best form of qc p (t) of building materials for the internal thermal mass has been found to be composed of a basic value and an ideal excessive value. The ideal form of the excessive specific heat approaches to d function. The critical values of excessive specific heat are different under different climates, but the corresponding characteristic temperatures t c of the ideal thermal mass are close to each other. They fall within the temperature range of about 18.3-19.3 C in winter and about 26.5-26.7 C in summer in China. The research shows that the ideal qc p (t) of the thermal mass for the whole year is close to the superposition of the qc p (t) of the thermal mass in winter and that in summer.
14 The ideal distribution of qc p (t) of the building material is similar to PCM, presenting a strong support for PCM building application. The inverse problem method was also applied to the active room and similar results were achieved. 15 Except for the variable c p (t), the thermal conductivity of the building envelope can also be variable with the temperature. Zhang et al. 16 find that the ideal optimal thermal conductivity distribution of the external wall of a room located in Beijing approximates a square wave function. In this example, the lowest indoor operating temperature was increased by 2.5 C and the highest indoor operating temperature was reduced by 2.2 C, over a whole year compared with a traditional external wall. As a result, the integrated degree of discomfort was reduced by 64.3%. 16 However, how to prepare this kind of material should be considered further.
Abovementioned studies are mainly for the opaque building envelope. For the transparent part, smart glass is another kind of a building envelope material with variable thermal performance. It is a glass or glazing whose light transmission properties are altered when voltage, light or heat is applied. Generally, the glass changes from translucent to transparent, changing from blocking some (or all) wavelengths of light to letting light to pass through. Smart glass technologies include electrochromic, photochromic, thermochromic, suspended particle, micro-blind and polymer-dispersed liquid crystal devices. 18 When installed in building envelopes, smart glass creates climate-adaptive building shells, with an ability to save costs for heating, airconditioning and daylighting 19, 20 and avoid the cost of installing and maintaining motorized light screens or blinds or curtains. A blackout smart glass can block 99.4% of ultraviolet light, thus would reduce fabric fading.
21
In conclusion, the development of new materials such as PCM and smart glass brings a new insight and opportunity for the research on variable thermal performance of building envelopes, thus presenting promising performance on climate adaption and response to achieve zero energy target. The advantages of building envelopes with variable thermal performances are as follows: (1) make full use of renewable energy and reduce building operational energy consumption; (2) restrict indoor temperature fluctuation, improve indoor thermal comfort and daylighting environment; (3) decay and delay the heating and cooling loads in buildings and save costs by reducing installed equipment capacity.
Meanwhile, there are also challenges and further research is needed to solve the following problems:
( 
